This work analyzes the characteristics of the small-scale fading distribution in vehicle-to-vehicle (V2V) channels. The analysis is based on a narrowband channel measurements campaign at 5.9 GHz designed specifically for that purpose. The measurements were carried out in highway and urban environments around the city of Valencia, Spain. The experimental distribution of the small-scale fading is compared to several analytical distributions traditionally used to model the fast fading in wireless communications, such as Rayleigh, Nakagami-, Weibull, Rice, and -distributions. The parameters of the distributions are derived through statistical inference techniques and their goodness-of-fit is evaluated using the Kolmogorov-Smirnov (K-S) test. Our results show that the -distribution exhibits a better fit compared to the other distributions, making its use interesting to model the small-scale fading in V2V channels.
Introduction
Over the past ten years, the vehicular propagation channel has attracted the interest of numerous researchers provided that new frequency bands have been allocated for vehicular systems [1] [2] [3] [4] . Nevertheless, the vehicle-to-vehicle (V2V) communications channel presents special peculiarities with regard to the fixed-to-mobile (F2M) scenarios, that is, the considerable mobility of both the transmitter (Tx) and receiver (Rx) terminals and the interacting objects such as reflectors and/or scatterers [1, 5] . In addition, the low elevation of the antennas determines a significant obstruction probability of Tx-Rx links, particularly in urban environments with dense road traffic. Also, the propagation mechanisms in the dedicated short-range communications (DSRC) band at 5.9 GHz are very different from those occurring in the traditional cellular communications bands, that is, from 1 to 2 GHz. Therefore, as a part of the narrowband channel characterization, accurate models for the small-scale fading distribution in V2V propagation channels are essential to develop, evaluate, and validate new protocols and system architecture configurations [6, 7] .
The characterization of the small-scale fading distribution in V2V communications has been analyzed in different environments [8] [9] [10] [11] [12] [13] [14] [15] . In [8] the Rice distribution turned out to be the best-fit distribution at 5.2 GHz in urban, suburban, motorway, and highway scenarios by approximating the cumulative distribution functions (CDFs) with the leastsquare (LS) algorithm. Also, in a more recent paper [9] , the Rice distribution is used to model the envelope of the first delay bin in V2V channels. The Weibull distribution parameters were extracted from campus, highway, suburban, and urban areas at 5.3 GHz in [10] by adjusting the Weibull CDF to the experimental CDF with the mean-square-error (MSE) method. In [11] a combined maximum-likelihood estimator (MLE) and matching the CDF method was used to obtain the parameters of the Nakagami-distribution at 5.9 GHz in a highway environment. The fading parameter, , of the Nakagami-was estimated using the MLE procedure at 5.9 GHz in a suburban environment in [12] . In this work, 2 Mobile Information Systems the dependence of on the Tx and Rx separtation distance and the goodness-of-fit using the Kolmogorov-Smirnov (K-S) test were performed over the estimated Nakagamidistributions. Recently, in [13] the Rayleigh, Rice, Nakagami-, and Weibull distributions parameters have been estimated using the MLE method at 5.805 GHz with a large object (bus) located between Tx and Rx. The goodness-of-fit of the analytical estimated distributions in [13] has been checked by using both the Akaike information criteria (AIC) and the K-S tests. In [14] , the authors found Weibull scale factors lower than 2 in the 5 GHz band, which correspond to more severe conditions than the Rayleigh fading. This fact is explained by the existence of measurement records with transitions between line-of-sight (LOS) and non-LOS (NLOS) conditions [16] .
A few years ago, the -distribution was proposed to model the small-scale fading amplitude in inhomogeneous scattering field environments [17] . Nevertheless, to the best of the authors' knowledge, the -distribution has not been used to estimate the small-scale distribution in V2V communications yet. This paper estimates the parameters of the Rayleigh, Rice, Weibull, Nakagami-, and -distributions to analyze the small-scale fading in V2V from a narrowband channel measurements campaign designed specifically for that purpose. The parameters of the distributions considered have been estimated by statistical inference. The results derived from the application of the K-S statistical test have shown that the Nakagami-, Weibull, Rice, and -distributions can match satisfactorily the experimental (empirical) distribution. As a novelty, our analysis shows that the -distribution exhibits a better fit compared to the other distributions, making its use interesting to model the smallscale fading in V2V channels, where it is difficult to separate both the small-and large-scale fading effects as a consequence of the large channel variations.
Measurement Campaign

Measurement Setup.
In order to characterize the V2V channel, a specific narrowband channel sounder has been designed. The HP83623A signal generator (SG) was used at the Tx side. The SG transmitted a continuous wave at 5.9 GHz. A high power amplifier (HPA) enables transmission with +23.8 dBm of equivalent isotropic radiated power (EIRP). The ZVA24 Rohde & Schwarz vector network analyzer (VNA), configured as a power meter (0 Hz of SPAN and a central frequency equal to 5.9 GHz), was used to measure the received power level directly through the 2 parameter at Rx. The 2 parameter was continuously measured using traces of 5000 test points. The VNA was configured with a resolution bandwidth of the Intermediate Filter ( IF ) equal to 100 kHz and a sweep time per trace of 2 s, resulting in a sampling time (acquisition time per test point) of about 1 ms. A laptop controlled the VNA to automate the measurement acquisition system. Both Tx and Rx used the same antenna, a /4 monopole. The antenna gain was measured in an anechoic chamber, mounting the antenna over a 1 × 1 − m 2 metallic plane emulating the roof of a car. The value of the antenna gain measured in the horizontal plane was approximately −2.56 dB. In addition, both Tx and Rx systems were equipped with GPSs (Global Positioning Systems), each one controlled by a laptop, to provide continuous information about the acquisition measurement time, as well as the relative speed between Tx and Rx, and their separation distance. The laptops were synchronized to relate the data from the different GPSs and the measurements from the VNA. More details about the measurement setup, but for a different VNA configuration, can be found in [7] .
Measurement Environment.
A total of 8 routes were measured in different environments around the city of Valencia, Spain. A map describing all the routes is depicted in Figure 1 , and two photos of highway and urban environments, respectively, are illustrated in Figure 2 . Also, more details about the measurements are presented in Table 1 . Routes #1-#3 correspond to highway with heavy road traffic density and two or three lanes in each direction. Both sides of the highways are open areas. Routes #4-#8 are urban streets with several conditions. Route #5 corresponds to narrow streets of the city of Valencia with one lane, whereas routes #4 and #6-#8 are wide streets with at least three lanes in each direction.
The total driven distance for each route and the maximum Tx-Rx separation distance are shown in Table 1 . It is worth noting that both Tx and Rx were moving in convoy, that is, in the same direction, during the measurement acquisition. The maximum Tx-Rx separation between both vehicles ranged from 72.2 m (in route #5) to 440.53 m (in route #1).
The absolute value of the relative speed between Tx and Rx, V rel , can be defined as
where | ⋅ | represents the absolute value and V Tx and V Rx are the Tx and Rx speeds, respectively. In order to analyze the small-scale fading statistics, each measurement record of each route has been divided in windows of 100 , which correspond to a variable window size in number of samples due to the variation of the receiver vehicle speed with an almost constant sample period of around 1 ms. The mean standard deviation of the received power in each 100 -sized window provides a measure of the signal dispersion. From Table 1 , all the routes present small dispersion, specially the highway routes, provided that the theoretical maximum standard deviation is 5.57 dB which corresponds to the Rayleigh distribution. It should be noted that only 4.78% of all the 100 -sized windows exceeded 5.57 dB. Such a low mean standard deviation of the received power reflects a dominant multipath component (MPC) in most of the extracted windows.
Results
In this section, the parameters of the Nakagami-, Weibull, Rice, and -distributions are estimated. The goodness-offit of these distributions is calculated by using the K-S test [18] . Then, the assessment of the matching of the previous distributions to the experimental distribution is carried out for the lower tails of the distribution, using the difference between the experimental and estimated CDFs.
Parameters of the Estimated Distributions.
The parameters of the Rayleigh, Nakagami-, Weibull, Rice, anddistributions have been estimated over each window of each route: the fading parameter, , for the Nakagami-distribution; the shape parameter, , for the Weibull distribution; the -parameter for the Rice distribution; and the and parameters for the -distribution, defined in [17] . For further details about the estimators of such distributions, the reader is addressed to [19] . Since all the distributions of these parameters are considerably right-skewed, we have derived the distribution for each parameter in logarithmic units, that is, 10 log , where is the parameter analyzed.
The mean standard deviation, the skewness, and the kurtosis [20, 21] of the parameters of such distributions in logarithmic units are summarized in Table 2 . The skewness is an estimation of the asymmetry of the probability distribution and it is defined aŝ1
wherêis the th sample central moment of the distribution. If̂1 = 0 the distribution is symmetrical. Values of right-skewed distributions providê1 > 0, and̂1 < 0 corresponds to left-skewed distributions. It is worth noting that the distributions used to model the small-scale fading due to the multipath effect are asymmetrical. The kurtosis is a measure of the "tailedness" of a probability distribution. Higher kurtosis involves a larger concentration of data around the average distribution while coexisting with a relatively high frequency of data far from the average of the data. The kurtosis is defined aŝ
Note that the Gaussian distribution, used to model the largescale fading or shadowing effect, exhibitŝ1 = 0 and̂2 = 3.
Analyzing Table 2 , we first stop at standard deviation. In all routes, the Weibull parameter, whose standard deviation ranges from 1.47 to 3.12 dB, presents, in each route analyzed, the lowest standard deviation of all distribution parameters. This behaviour is due to the fact that, in many cases, the Weibull distribution provides the best match for the lower tails of the experimental distribution. Also, all the estimated distributions are significantly symmetrical with a maximum absolute value of the skewness of 1.68 for the parameter of the -distribution. Furthermore, the mean of the Rician -parameter is significantly high (larger than 10 dB) for the highway environment routes. In the same way, the estimated means of the fading parameter, , of the Nakagamidistribution reach high values for routes #1-#3, ranging from 7.68 to 10.32 dB. These facts suggest a dominant MPC prevailing in the highway environment. In contrast, moderate means of the Rician -parameter have been obtained for urban environments, ranging from 4.21 to 8.82 dB. Also, low means of the Nakagami-fading parameter have been found in urban environments, ranging from 2.85 to 6.59 dB (2.12 to 4.56 in linear units). The standard deviations of the estimated fading parameters are substantially smaller in urban than in highway environments, with a maximum value of the standard deviation of the fading parameter of 4.19 dB and 6.27 dB in the highway and urban routes, respectively.
On the other hand, the smallest values of the standard deviation correspond to the parameter for the Weibull distribution with a maximum of 3.12 dB in route #2.
The dependence of the estimated Nakagami-fading parameter, , on the Tx-Rx separation distance has been also analyzed by using a boxplot graph. Figure 3 shows the mean and the dispersion of the estimated fading parameter as a function of the distance for all the 100 -sized windows corresponding to (a) the total measurement record and (b) route #6. In these boxplots, the fading parameter is categorized by intervals of separations between Tx and Rx, where the central line in red is the median, the edges of the box are the 25th and 75th percentiles, and the whiskers extend to the most extreme datapoints that the algorithm considers to be not outliers. No dependence of the median of the estimated parameter on the Tx-Rx separation can be inferred from this graph. Likewise, we have not found any dependence in the median of the fading parameter on the separation for each route except for route #6, which holds a decreasing value with the distance as it can be shown in Figure 3 . The decreasing trend in the median of the fading parameter for route #6 is in accordance with the results of [12] for suburban driving conditions. 
K-S Test.
Once the estimated parameters of the Rayleigh, Nakagami-, Weibull, Rice, and -distributions were calculated, we have compared such distributions to the experimental distribution in each window.
The K-S test in one given extracted window is fulfilled if the maximum absolute value between the experimental and the estimated CDFs, estimated , is lower than or equal to a given value, ( ), which depends on both the number of samples, , and the significance level, . Therefore, the condition to be accomplished in each window is as follows:
wherêe stimated ( ) is the CDF of the estimated distribution, experimental ( ) is the CDF of the experimental (empirical) distribution, and
with > 50. The K-S statistical test has been applied to the Rayleigh, Nakagami-, Weibull, Rice, and -distributions over 2112 windows of size 100 with a significance level of 5%. The results are summarized in Table 3 . In addition, Table 3 includes the percentage of windows in which each distribution matches the most experimental measurements denoted as best-fit (%), that is, the lowest value given by (4) with respect to the remainder of the distributions analyzed. Note that the sum of all the percentages corresponding to the best-fit distributions is equal to 100% for each route or the total data analyzed. The distributions with the highest bestfit percentages for each route and for the total measurement records are highlighted in bold letters. From Table 3 , the distributions Nakagami-, Weibull, Rice, and -match satisfactorily the experimental distribution with fulfillment percentages of the K-S test higher than 78% for a significance level of 5% in the total measurement record. Such percentages exceed 72.49% in all the routes except route #5. Lower fulfillment percentages in route #5 suggest a faster variation of the propagation conditions over each window in narrow streets compared to wide streets or highways. The -distribution exhibits the smallest values of estimated in 45.62% of the total windows analyzed. 
Lower Tails of the Estimated Distributions.
The matching in the lower tails of the estimated to the experimental distributions affects significantly the wireless performance parameters, such as the bit error rate (BER) and the outage probability [22] . Therefore, in addition to the K-S test we need to assess the behaviour of the distribution specifically in the lower tails by using a procedure which evaluates the mismatch between the estimated and the experimental CDFs.
Let Δ be the difference between the received field strength of the estimated CDF and the field strength of the experimental CDF for the same value of the CDF, , defined as
where estimated and experimental are the values of field strength which providêe stimated ( estimated ) = and experimental ( experimental ) = , respectively. Figure 4 shows the CDF in terms of the field strength, where the definition of Δ is illustrated. In this figure, the value of Δ , with = 10 −1 , for the Rayleigh distribution is indicated for one window of route #7. Table 4 summarizes the mean and the root-meansquare (rms) values for Δ =10 −1 of the estimated Rayleigh, Nakagami-, Weibull, Rice, and -distributions in each route and in the total measurement record. The distributions with smallest rms values are highlighted in bold letters. The values of Δ =10 −1 are low biased (small absolute values of the mean) except for the Rayleigh distribution. Also, the Weibull distribution provides the smallest rms of Δ =10 −1 for the whole measurement windows and particularly for each route except routes #2 and #5. 
Conclusions
In this work, an extensive analysis of the small-scale fading distribution in V2V channels has been performed. The analysis is based on a narrowband measurement campaign carried out in both highway and urban environments. The parameters of the Rayleigh, Rice, Weibull, Nakagami-, and -distributions have been estimated from the measurements by statistical inference. The goodness-of-fit of the theoretical distributions to the empirical distribution has been evaluated using the K-S statistical test. In all the highway routes assessed, the mean of the Rician -parameter exceeds 10 dB, which corresponds to situations with dominant MPCs. On the contrary, the results show that the mean of the Rician -parameter ranges from 4.21 to 8.82 dB in urban environments.
The results derived from the application of the K-S test have shown that the Nakagami-, Rice, Weibull, and -distributions can match satisfactorily the empirical distribution associated with the measurements. Nevertheless, the -distribution exhibits a better fit compared to the 7 other distributions, making its use interesting to model the small-scale fading in V2V channels, where the large channel variations due to the mobility of Tx and Rx terminals, together with the other interacting objects, make it difficult to separate both the small-and large-scale fading. It is also worth noting that the Weibull distribution provides the best match for the lower tails of the empirical distribution.
